Molecular dynamics simulations have been used to investigate the behavior of the peripheral membrane protein, cytochrome c, covalently tethered to hydrophobic (methyl-terminated) and hydrophilic (thiol-terminated) self-assembled monolayers (SAMs). The simulations predict that the protein will undergo minor structural changes when it is tethered to either surface, and the structures differ qualitatively on the two surfaces: the protein is less spherical on the hydrophilic SAM where the polar surface residues reach out to interact with the SAM surface. The protein is completely excluded from the hydrophobic SAM but partially dissolves in the hydrophilic SAM. Consequently, the surface of the thiol-terminated SAM is considerably less ordered than that of the methyl-terminated SAM, although a comparable, high degree of order is maintained in the bulk of both SAMs: the chains exhibit collective tilts in the nearest-neighbor direction at angles of 200 and 170 with respect to the surface normal in the hydrophobic and the hydrophilic SAMs, respectively. On the hydrophobic SAM the protein is oriented so that the heme plane is more nearly parallel to the surface, whereas on the hydrophilic surface it is more nearly perpendicular. The secondary structure of the protein, dominated by a helices, is not significantly affected, but the structure of the loops as well as the helix packing is slightly modified by the surfaces.
INTRODUCTION
Structural studies of reconstituted membrane-protein systems provide data for the discussion of supramolecular organization and function in complex assemblies of biological molecules. In addition to providing biological insight, these systems could also prove useful as inspiration for biomimetic materials or devices. A paradigm that has proved to be particularly fruitful consists of integral or peripheral membrane proteins or both, attached to substrates such as lipid multilayer films (formed by the Langmuir-Blodgett technique) and self-assembled monolayers (SAMs) by electrostatic interactions or covalent bonds. Most of the research to date has sought to characterize the structures and physicochemical properties of systems consisting of the peripheral membrane electron transfer protein, cytochrome c, attached to thin organic films Blasie, 1987, 1991; Pachence et al., 1989 Pachence et al., , 1990 Amador et al., 1993; Xu et al., 1993; Chupa et al., 1994; Wang et al., 1994 , Delamarche et al., 1995 , although analagous studies of the integral membrane proteins such as the photosynthetic reaction center from R. sphaeroides (Amador et al., 1993; Chupa et al., 1994) and the Ca2+-ATPase from sarcoplasmic reticulum (Prokop et al., 1996) , as well as a reaction center-cytochrome c complex (Amador et al., 1993) , have also been reported. To set the stage for this paper, which reports molecular dynamics (MD) simulations of cytochrome c attached to SAM surfaces, we will now briefly summarize some of the conclusions from the exper-imental studies of cytochrome c attached to thin organic films.
Cytochrome c forms two-dimensional, densely packed monolayers when it is electrostatically bound to the negatively charged surfaces of multilayer arachidic acid (AA) Langmuir-Blodgett (LB) (Pachence and Blasie, 1987) or thiolundecanoic acid SAM films (Wang et al., 1994) , covalently bound to surface layers of dimyristoylphosphatidylserine (PS) and thioethylstearate (TES) on AA LB films (Pachence et al., 1990) and covalently bound to a hydrolyzed undecylthioacetate SAM surface (Amador et al., 1993; Chupa et al., 1994) . The electron-density profiles normal to the surfaces have been determined at up to 7-A resolution by x-ray diffraction on the AA, AA/dimyristoylphosphatidylserine, and AA/TES LB films (Pachence and Blasie, 1991) and by x-ray interferometry-holography on the thioacetate SAM chemisorbed upon a Ge/Si multilayer substrate (Chupa et al., 1994) . The profile structures were consistent with alignment of the major axis of the ellipsoidal protein parallel to the surface (Chupa et al., 1994) , and resonance x-ray diffraction revealed that the heme Fe atom is located near the center of the cytochrome c profile upon an AA multilayer (Pachence et al., 1989) . Moreover, optical linear dichroism measurements have been interpreted in terms of a protein orientation in which the heme is aligned, on average, parallel to the surface but with a large angular distribution or orientational disorder in both electrostatically and covalently bound cytochrome c (Pachence et al., 1990) . Thus, the unidirectional or "vectorial" orientation (i.e., alignment of a well-defined axis in the molecules) of the protein with respect to the surface has been demonstrated in these systems (Pachence et al., 1990; Chupa et al., 1994) . In the case of the AA/TES LB film the electron-density profile suggests that the surface TES layer is well ordered and that there is a clear separation between the surface and the protein electron densities (Pachence and Blasie, 1991) . In contrast, the endgroups in the AA LB film (Pachence and Blasie, 1991) and the thioalkylsiloxane SAM (Chupa et al., 1994) are disordered. There is considerable overlap of the AA surface layer and cytochrome c electron densities, suggesting that the protein penetrates the disordered carboxyl headgroup surface to the level of the hydrocarbon chains Blasie, 1987, 1991) .
We have performed MD simulations of cytochrome c covalently tethered to two SAMs to add some atomic-scale details to the established, experimentally derived picture of these reconstituted membrane systems. There are several issues that we wish to address. Because the chemical identity-and hence the polarity-of the functional groups on the surface of the activated thiol surfaces used in the experimental structural studies to which we will compare our results is unknown (it could be thiol, disulfide, or both (Wasserman et al., 1989 )), we have simulated the protein on both hydrophobic and hydrophilic SAM surfaces. Contact angle measurements suggest that the H20 wetting characteristics, indicative of hydrophobicity-hydrophilicity, are similar on a thioacetate SAM surface before and after hydrolysis (Bain et al., 1989) . This suggests that the hydrolyzed surface contains cross-linked disulfide groups because it is less polar than one would expect a thiol surface to be. Therefore, we carried out the simulations with methyland thiol-terminated SAMs as limiting cases to investigate to what extent the polarity of surfaces affects protein structure (i.e., compared with the crystal structure and a simulation of the protein alone). Moreover, we speculate, based on comparison of simulation and the experimental results, which of the two surfaces better represents the "real" surfaces. Furthermore, we are interested in how, if at all, the protein affects the structures of the SAMs, and vice versa, and whether the effects, if they exist, are different on the two SAMs. Another issue that we will address that is relevant for the interpretation of experimental data is whether the protein rearranges and penetrates into an organic film with a polar surface, as suggested previously (Pachence and Blasie, 1991; Prokop et al., 1996) , at least on the time scale of the simulations (,::-1 ns).
MATERIALS AND METHODS
Two systems consisting of one yeast cytochrome c molecule covalently tethered to SAMs that comprised 96 S(CH2)1 X molecules were constructed, where, for the hydrophobic surface, X = CH3 and, for the hydrophilic surface, X = SH. Considering that the films used in the experiments to which we will compare our results were synthesized with esters in their terminal groups, and assuming that the in-plane chain packing is dictated by the ester moeities, we built our initial SAM configurations based on a monolayer from the known crystal structure of methyl stearate (Aleby and von Sydow, 1960) . In this configuration the chains pack in an orthorhombic lattice in the ab plane, with a = 5.61 A, b = 7.33 A, and two molecules per unit cell, so that the surface area per chain is 21.56 A2. Our SAMs were constructed with 96 chains, truncated to the first 12 methylene units from the stearoyl chain, in a 6b (in the x direction) X 8a (in the y direction) lattice. A sulfur atom was added to one end of each chain for attachment to the "substrate." In the case of the hydrophobic SAM the terminal methyl group of a chain near the geometric center of the surface was changed to SH to create a site for tethering the the yeast (S. cerevisiae) cytochrome c by means of a disulfide bond to the surface cysteine residue 102. For the hydrophilic SAM, all the terminal methyl groups were replaced by SH groups. The initial protein configuration was taken from the Protein Data Bank (file IYCC; Louie and Brayer, 1990) , four internal water molecules were retained, and six chloride ions were placed near surface lysine residues for electroneutrality. The protein, water, and ion positions were energy minimized before attachment to the SAMs. During pre-equilibration of the SAMs before the protein was attached, the chain tilt angles with respect to the surface normal decreased from 260 to -20°, and the tilt directions changed from next-nearest neighbor (along a) to nearest neighbor (along the unit cell diagonal). Molecular graphics images of the initial SAM and protein configurations are shown in Fig. 1 
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-'. .*. ,.-FIGURE 1 (Top) Ball-and-stick representation of the x-ray crystal structure of yeast cytochrome c above a van der Waals sphere representation of the initial configuration of the thiol-terminated SAM, constructed based on the methyl stearate crystal structure. The protein heme and the surface cysteine residue 102 are shown with enlarged radii. The sulfur atoms used to tether the protein to the SAM by means of a disulfide linkage are colored black. Otherwise, the atom coloring scheme is C, gray; H, white; 0, red; N, green; S, yellow; and Fe, magenta. (Bottom) Ball-and-stick representation of the initial protein configuration after energy minimization with the six neutralizing chloride ions and four internal water molecules shown with enlarged radii (here the ions are also colored yellow).
MD of Protein-Surface Interactions
To model the hydrocarbon parts of the molecules that compose the SAMS we used an all-atom potential that well reproduces the structures of solid and liquid alkanes (D. J. Tobias, K. Tu, and M. L. Klein, unpublished) and is very similar to a potential used in a recent simulation study of pentadecanethiol SAMs (Mar and Klein, 1994) . A harmonic potential with a force constant of 235.5 (kcal/mol)/A2 (98,530 (kJ/mol)/nm2), roughly that of a C-C bond, was used to keep the adsorbed S atoms near their initial lattice sites. Unlike in previous studies of modeling SAMs of alkanethiols Mar and Klein, 1994) , no surface van der Waals and corrugation potentials were included in our calculations. The thiol groups were modeled with the explicit hydrogen representation of Jorgensen (1986) , and the protein with the "polar H" CHARMM PARAM19 potential (Reiher, 1985) . The TIP3P model was used for the water molecules (Jorgensen et al., 1983) , and the potential of Buckner and Jorgensen (1989) for the chloride ions. Periodic boundary conditions were employed in the simulations to infinitely replicate the SAM-protein systems in two dimensions, and an Ewald summation method for planar systems (Hautman and Klein, 1992 ) was used to calculate the electrostatic interactions (using a = 0.15, G.,,. = 39, v = 0). The van der Waals interactions were calculated by use of the minimum-image convention with spherical truncation at 10 A (Allen and Tildesley, 1989) . All the nonbonded interactions were included without truncation in a control simulation of the protein in vacuum.
After constructing the systems as described above, we performed MD simulations of cytochrome c at constant temperature (T = 27°C) for 1160 ps on the methyl-terminated SAM, 1070 ps on the thiol-terminated SAM, and 600 ps in vacuum. The temperature was controlled by the Nose-Hoover chain method (Martyna et al., 1992) , with separate thermostats on the SAM and the protein atoms. We integrated the equations of motion with an iterative Verlet-like algorithm (Ciccotti and Ryckaert, 1986 ), using a time step of 1.5 fs, and the SHAKE algorithm (Ryckaert et al., 1977) was used to constrain the lengths of bonds involving hydrogen atoms. The fictitious masses of the thermostat variables were chosen according to the prescription given by Martyna et al. (1992) , with time scales of 0.5 ps. The Nose-Hoover thermostat chain length was five. The calculations were performed with the CHARMM program (Brooks et al., 1983) , version 23, as modified by us to implement the constant temperature dynamics and planar Ewald summation. The convergence of the SAM-protein trajectories was slow because of the long-time-scale rearrangement of the protein on the surfaces. Judging from the time evolution of the deviation of the protein from the x-ray crystal structure, we decided to use only the last 300 ps from each run for analysis. The calculations were carried out on an IBM SP1 computer at the Cornell Supercomputing Center and on Silicon Graphics R4000 workstations at the University of Pennsylvania.
Before moving on to the results, keeping in mind that we are interested primarily in qualitative observations in this initial investigation, we want to point out some obvious differences between real and simulated systems. Perhaps the most significant difference is that the samples used in the experiments were maintained at 98% humidity, whereas with the exception of the four internal water molecules the simulated systems were left completely dry for computational expediency. Another significant difference is that the protein molecules are densely packed in the real samples but the simulations were set up at a packing fraction of -50% and therefore do not contain the effects of protein-protein contacts. Finally, the details of the in-plane structure of the films actually used in the experiments have not been determined; hence we made the assumptions stated above to set up our model SAMs.
RESULTS AND DISCUSSION
In Table 1 we show averages taken over the last 300 ps of the simulations for the root-mean-square deviation (rmsd) of the a carbon positions from the crystal structure, radius of gyration (Rg), eccentricity, and orientation of the heme plane with respect to the surfaces, along with available (0) 36 66 Oq *Averages over last 300 ps MD. #Root-mean-squared deviation versus the x-ray crystal structure. §Calculated from the x-ray crystal structure (Louie and Brayer, 1990) .
'Optical linear dichroism (Pachence et al., 1990). experimental results for comparison. During the 1000-ps simulations on the SAMs, the rmsd, Rg, and the eccentricity required -650 ps to converge relative to their initial (crystal structure) values, whereas the heme angle converged in -600 ps and -200 ps on the methyland thiol-terminated SAMs, respectively. The rmsd of -2 A in the control calculation is typical for a vacuum simulation of a globular protein. The increased rmsds of the protein on the SAMs indicate significant structural changes resulting from interactions with the surfaces (see below). The control protein is more compact (has a smaller radius of gyration) than the crystal structure. This "electrostriction" is typical for a simulation of a globular protein in vacuum in which, in the absence of solvent, protein-protein contacts, or both, the polar sidechains that normally protrude from the exterior of the protein have no choice but to reach back and interact with each other or the backbone. The radius of gyration on the hydrophilic surface is the same as in the crystal and is only slightly smaller on the hydrophobic surface. However, the eccentricity, defined as 1 -Ima/Iavg where Imax is the maximum and Iavg is the average of the principal moments of inertia, signals significant protein shape changes on the surfaces. The control protein becomes slightly more spherical than the crystal structure (eccentricity = 0 for a sphere) but more ellipsoidal than the control on the surfaces, more so on the thiol-terminated than on the methyl-terminated SAM. The heme plane, which was at an angle of 500 with respect to the surfaces in the initial configurations, ended up more nearly parallel (36°) to the hydrophobic surface and more nearly perpendicular (660) to the hydrophilic surface. Pachence et al. (1990) experimentally studied the heme orientation in cytochrome c covalently bound to the surface of an AA/TES film by measuring the dichroic ratio for the heme optical absorption. The data were initially interpreted as indicating that the heme plane is more parallel than perpendicular to the surfaces. In fact, according to the theory of Blasie et al. (1978) , an unphysical spread in the heme orientational distribution would be required for the average heme orientation to be strictly parallel to the TES monolayer plane. Using the value ''0.80, measured for the dichroic ratio at an angle of incidence of 450, we read a heme angle of --42°for reasonable values of the mosaic spread (10°-30°) from FIGURE 5 Snapshots from MD simulations of cytochrome c on methyl-terminated (left) and thiol-terminated (right) SAMs. The coloring scheme is as in Fig. 1 . ent from the 660 from the simulation on the thiol-terminated SAM. This suggests that the "real" surfaces to which the protein is covalently bound are nonpolar; i.e., the SH endgroups are oxidized to form an SS cross-linked surface. The dichroic ratio, and hence the heme orientation, measured for horse heart cytochrome c electrostatically bound to the polar surface of an AA LB film is very similar to that for the protein covalently bound to the presumably nonpolar activated thiol surfaces (Pachence et al., 1990) directly comparable with our result for the protein covalently bound to the polar thiol-terminated SAM.
In Fig. 2 we compare the electron-density profiles from the simulations with the profile derived from x-ray interferometry-holography by Chupa et al. (1994) . These profiles can be compared with the relative electron-density profiles shown in Fig. 3 derived by Pachence and Blasie (1991) from x-ray diffraction on surface layers of TES and TES/cytochrome c on AA LB films. We computed the profiles from the simulation data (for the protein only) by placing a Gaussian distribution of electrons on each atomic center with a variance equal to the van der Waals radius, calcuating the density for each configuration, and averaging over configurations. The width of the protein is 20 A in all the profiles and is consistent with the long axis of the approximately ellipsoidal protein oriented parallel to the SAM surface (Chupa et al., 1994) . The profile of Chupa et al. (1994) is smoother and broader than the others because the SAM to which it is tethered is less ordered than those modeled in the simulations. Nevertheless, the shape of this experimental profile shows better agreement with the profile from the simulation on the hydrophobic surface. However, from the electron-density profiles of the protein alone it is not possible to resolve a precise correspondence between the experimental and simulated systems.
In Fig. 4 we show the protein and SAM atomic-number density distributions from the simulations. The sharp peaks in the SAM distributions show that both SAMs remained well ordered in the simulations. The peaks near the ends of the chains are a little sharper in the methyl-terminated SAM, indicating slightly more order. There is a clear separation between the methyl-terminated SAM and the protein densities, but the protein density overlaps the thiol-terminated SAM density by ,'5 A. Thus, the protein is completely excluded from the hydrophobic surface but partially "dissolves" into the hydrophilic surface. The former situation is analogous to that observed in the experimental electron density profile for yeast cytochrome c covalently bound to TES (see Fig. 3 ), and the latter to that for horse heart cytochrome c electrostatically bound to AA (cf. Fig. 4 C in Pachence and Blasie, 1990) . The heme iron atom density is centered -15 A beyond the terminal methyl of the hydrophobic SAM and 13 A beyond the terminal sulfur atom of the hydrophilic SAM, with a narrow distribution (full width at half-maximum of 1 A) in both cases. Both of these values lie within the 15 ± 2 A region measured by a resonance x-ray diffraction experiment on cytochrome c electrostatically bound to AA (Pachence et al., 1989) . Several of the features noted thus far are evident in the snapshots from the simulations shown in Fig. 5 . It is obvious from the figure that the shape of the protein is significantly different on the two SAMs. Roughly in analogy to the difference in the microscopic wetting behavior of water on hydrophobic and hydrophilic SAM surfaces , the polar sidechains of the protein "wet" the polar SAM surface, whereas the protein looks more like a droplet on the nonpolar surface. It appears from the figure that the protein has little effect on the structure of the methyl SAM, whereas the structure of the thiol SAM is perturbed beneath the protein.
In spite of this local perturbation, which we examine in more detail below, overall measures of the chain structure suggest that the structures of the two SAMs are similar. In particular, the chains in both SAMs maintained a collective nearest-neighbor tilt direction, with an average tilt angle of 200 in the methyl-terminated and 170 in the thiol-terminated SAM. Fig. 6 shows that there are very few gauche conformations in the middles of the chains of both SAMs and that the ends of the chains have only slightly more gauche defects in the thiol-terminated SAM. The average tilt angles and gauche fractions in the two S(CH2)1 X SAMs at 27°C are in the range of those observed in a simulation of an S(CH2)14CH3 SAM at 60°-70°C (Mar and Klein, 1994) . The similarity of the gross structures of the methyland thiol-terminated SAMs is illustrated in Fig. 7A and B Fig.1 , except that the terminal methyl groups of the hydrophobic SAM are colored magenta.
we have plotted the in-plane structure factors, S(q), calculated for the chain heavy atoms: S(q) = (exp(iqri)exp(iq * ri)), where q = (qx, qy), qx = 2ii-h/Lx, qy = 2irk/Ly, LX and Ly are the lengths of the simulation cell in the x and the y directions, respectively, h and k are integers, and the angle brackets denote an average over time and the N atoms. The presence of essentially only two peaks in these structure factors is a manifestation of the chain tilt. The structure factors calculated for the terminal methyl C and thiol S atoms plotted in Fig. 7 C and D show that, in spite of the similarity of the overall packing of the chains in the two SAMs, the degree of ordering in the terminal groups is significantly greater at the hydrophobic surface. The difference in the ordering of the endgroups on the two surfaces is analgous to that between the AA/TES and the pure-AA LB films studied experimentally by Pachence and Blasie (1990) . On closer inspection it is evident that penetration by the protein is responsible for the greater disorder at the surface of the thiol-terminated SAM (Figs. 8 and 9 ). From Fig. 8 one can see that the protein creates several holes in the hydrophilic surface by depressing thiol groups and forcing gauche defects in the chains. One of the holes is large enough to expose a sizable patch of methylene groups. In contrast, the hydrophobic surface of the methyl-terminated SAM remains flat, except for the depression of one methyl group next to the protein attachment site. The protein sidechains responsible for creating the holes are evident in Fig. 9 . The deepest holes are occupied by a nonpolar leucine sidechain and the nonpolar part of a histidine sidechain. In the case of the histidine, the sidechain N 2 atom maintains a hydrogen bond with a thiol group that has been pushed deeply into the interior of the SAM. With the exception of the hydroxyl group of a threonine sidechain that penetrates just beneath the level of the sulfur atoms, the strongly polar groups in the protein appear to interact preferentially with the hydrophilic surface from above.
On the time scale of the simulations (--1 ns), the protein effects on the structures of the SAMs, where they exist, are A FIGURE 10 Ribbon representations of snapshots of the cytochrome c backbone: (a) from the simulation on the methyl-terminated SAM (yellow) and the crystal structure (green); (b) from the simulation on the thiolterminated SAM (red) and the crystal structure (green). The pairs of structures were superimposed by least-squares fitting the C' positions. quite local in character. Conversely, it appears that the effects of interactions with the surfaces on the structure of the protein are also minor and do not involve any large-scale conformational changes (e.g., unfolding). This is illustrated by the ribbon diagrams in Fig. 10 , from which it is clear that the overall fold of cytochrome c is preserved on both of the surfaces. The essentially all-a helical secondary structure remains intact, although the relative orientation (packing) of the three longest helices and the placement of the loops have been modified slightly relative to the crystal structure. The hydrogen bonding in the small (four H-bond) ,B sheet has not been disrupted by either surface, although the hairpin loop containing the sheet has been displaced. Overall, the surface-induced changes in protein structure appear to be slightly greater on the hydrophobic surface, as expected from the data in Table 1 .
Before concluding, we briefly compare the protein structures from our simulations with results from a simulation by Wong et al. (1993) of tuna cytochrome c in water, keeping in mind that a quantitative comparison is unwarranted given the differences in the protein sequence, potential parameters, and calculation of electrostatic interactions. The pri-mary difference is that the protein expanded slightly relative to the crystal structure in the solution simulation of Wong et al., judging from the radius of gyration and solvent-accessible surface area (SASA), whereas it contracted in our simulations: Wong et al. observed a slight increase in Rgyr and an 11% increase in SASA relative to the crystal structure, whereas we found decreases in SASA of 10% on the hydrophobic surface, 5% on the hydrophilic surface, and 10% in the control. Moreover, the rmsd in the solution simulation was less than in our simulations. Finally, Wong et al. noted appreciable fluctuations in the SASA, --4% over 100 ps, whereas the fluctuations were less than 1% over 100 ps in all our simulations; i.e., the surface of the protein is more fluid in solution than in vacuum, where the polar sidechains are rigidly held in place by unscreened electrostatic interactions with each other.
CONCLUSIONS
We have used MD simulations to investigate the behavior of a peripheral membrane protein, cytochrome c, covalently tethered to hydrophobic (methyl-terminated) and hydrophilic (thiol-terminated) self-assembled monolayers. The simulations predict that the protein will undergo minor, but significant, overall structural changes when it is tethered to either surface, and the structures differ qualitatively on the two surfaces: The protein is less spherical on the hydrophilic SAM where the polar surface residues reach out to interact with the SAM surface. This is analogous to the difference in the microscopic wetting behavior of water on hydrophobic and hydrophilic surfaces . The protein is completely excluded from the hydrophobic SAM but partially dissolves in the hydrophilic SAM. Consequently, the surface of the thiol-terminated SAM is considerably less ordered than that of the methyl-terminated SAM, although a comparable, high degree of order is maintained in the bulk of both SAMs: The chains exhibit collective tilts in the nearest-neighbor direction at angles of 20°a nd 17°with respect to the surface normal in the hydrophobic and the hydrophilic SAMs, respectively. On the hydrophobic SAM the protein is oriented so that the heme plane is more nearly parallel to the surface, whereas on the hydrophilic surface it is more perpendicular. The secondary structure of the protein, dominated by a helices, is not significantly affected, but the structure of the loops as well as that of helix packing is slightly modified by the surfaces.
Considering the structural features best characterized in the experimental investigations of cytochrome c on thin organic films, namely, the extent of protein-surface overlap, heme orientation, and the order of the chains that constitute the film, the closest correspondence between the simulated and the real systems is that between the simulated methyl-terminated SAM and the AA/TES LB film of Pachence and Blasie (1990) . The qualitative similarity of these systems suggests that the real surface to which the protein is covalently tethered in the experiments is nonpo lar, i.e., is composed of cross-linked disulfide as opposed to free-thiol groups.
As we pointed out in the Introduction, there are several limitations within this initial modeling attempt that preclude a quantitative comparison with the experimentally studied systems. Improvements in future attempts should include hydration, higher protein packing fraction (i.e., to incorporate protein-protein contact effects), and a more direct representation of the particular film(s) employed in the experiments. Nonetheless, this preliminary investigation provides some useful qualitative atomic-scale insight into the nature and consequences of globular protein interactions with hydrophobic and hydrophilic surfaces.
